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Microgrids need control strategies to achieve maximum performance. An 
appropriate control strategy should have high performance in unbalanced 
conditions in addition to normal conditions. Today, the use of microgrids, with 
a variety of power sources, including solar, wind, diesel, energy storage 
sources to increase the capability of distribution grid has made significant 
progress. However, controlling and managing their energy in the event of a 
fault is a challenge that researchers are faced. In this article, two microgrids 
connected to the grid are studied using a back-to-back (BTB)-voltage source 
converters (VSC) converter. The results of this research showed that by the 
usage of above-mentioned convertor first, with power management between 
microgrids the frequency remains constant in island mode second, they are 
isolated from each other in terms of faults. The results showed that the use of 
the proposed method controlled the frequency of two microgrids 
simultaneously. 
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NOMENCLATURE 
I : Source current P, Q : Active, reactive power inputs 
L,R : Phase reactor inductance and resistance Vd, Id, Pd : DC side voltage, current, power 
C : DC side capacitance d, q : Synchronous d—q axis 
w : Source voltage angular frequency pn : Positive, negative components 


m : Modulation index 


1. INTRODUCTION 


Microgrids (MGs) typically operate in grid-connected modes. In this situation, the frequency and 
voltage of the MGs have a certain value [1], [2]. Most of the distributed generation sources are connected to 
the grid by electronic power converters. Therefore, the technical and operational characteristics of MGs 
distinguish them from traditional one [3]. These differences provide the basis for research to improve 
microgrids [4], [5]. Some studies examine previous research on MGs by the US, Europe, Japan, and Canada, 
and various central and local control strategies for power-sharing in MGs [6]-[10]. A multi-generational 
control unit management strategy with drop-off features for active power control in the island state and a new 
approach for controlling the available charge energy due to the limitations of storage devices [11]. In addition, 
the precise performance of the drop-off strategy approach on the stability of the MG frequency with the wind 
turbines was studied in [12]. According to [13] highlights the role of electronics in MGs, especially inverter 
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voltage sources. It also introduces a proven and proven way to manage and control MGs. An MG network 
operates in one of the following cases [14]: i) if power is generated in the MG Be less than the required power, 
the original grid shall compensate for the power shortage; and ii) if the generating power exceeds the load, the 
surplus power is injected into the original grid. 

Two main control architectures for frequency restoration (FR) are the centralized/distributed 
coordinate and decentralized. The former requires a communication network to support the necessary 
interaction between DGS. Some routine centralized/distributed coordinate control methods for DG were 
proposed in the literature [15]—[24], which include the consensus synchronization control through the state 
feedback control [22]—[24], the distributed cooperative adaptive control [18], [20], the centralized proportional- 
integral (PI) compensation control [21]—[23], and the synchronization signal injection control [24]. 

Depending on the operating conditions mentioned, the adjacent network can cooperate during fault 
conditions to maintain production and consumption in equilibrium. Therefore, gride network performance 
improves in an island state using optimum control strategies. Improved dynamic performance of two 
microgrids has been studied and evaluated. It seems that a significant improvement has been achieved 
compared to a single operation [25]. A single phase inverter transducer equipped with low voltage ride-through 
(LVRT) is controlled using the classic PI controller. The results indicate the effective participation of LVRT 
in the voltage profile control and improvement system but the system does not have a rapid response during 
LVRT [26]. It is obvious that the voltage drop caused by the fault is very fast and short and the control system 
must respond to these changes very quickly and operate promptly in the LVRT state. Wind turbine-based power 
plants have to remain in the grid for a specified period based on the voltage drop level created at the terminal 
or common connection point (PCC) [27]. Many solutions have been proposed using power electronics to 
control the current in electrical systems [28]. The use of back-to-back (BTB)-voltage source converters (VSC) 
converter is increasing due to the ability to control the current and the possibility of fast and independent control 
of active and reactive power [29]. 

Rosero et al. [30] specifies how to allocate active power and adjust frequency points. Drop control is 
used for AC MGs and power allocation, followed by frequency adjustment by replacing the secondary control 
and the primary drop mechanism to execute the MGcontrol strategy. Stability analysis in the power system has 
also been considered to investigate the sustained conditions in the system. Zhang et al. [31], several MGs are 
connected to the main network using a converter. The frequency control of these MGs is based on drop control. 
The outputs of these converters are connected by lines with Z impedance. These lines are of DC type but the 
MGs themselves are of AC type. Both AC and DC power are transferable. The drop control scheme is generally 
used in parallel with several inverters [32] in which the voltage and frequency of each inverter are adjusted to 
control the active and reactive power. A review of previous studies shows that most research is designed to 
study control strategies for single MGs. However, the issue of control strategies for two MGs that can play a 
supportive role is still neglected. Also, most strategies developed for normal conditions so fewer studies cover 
unbalance conditions. Therefore, in this research, a new method has been proposed to control two MGs 
connected to the grid in unbalanced condition error with a supportive role. 


2. MODELING THE PROBLEM 

MGs are recognized as low-voltage radial distribution networks. Depending on the available fuel type, 
numerous types of controllable diesel generator sources, micro-turbine, and fuel cell utilized in MG sources 
despite uncontrolled sources of a wind turbine, and photovoltaic. Ganthia et al. [2] compares and tests several 
empirical MG networks introduced in the literature. In this study, the MG presented in Luna et al. [12] to 
evaluate and correct the performance of the expressed method for frequency control using some frequent 
changes in the sources has been produced. The single-line diagram of the test system in Figure 1, shows that 
each MG is connected to the original network by a static switch, including loads, controllable and 
uncontrollable sources devices. All power sources are connected to the grid via both converter interfaces. In 
normal mode, two grids are connected to the network, so if an error occurs in the network each MG will be 
separated from the original network using switches 1 and 2. For this reason, they will continue to work in island 
mode. In fact, these MGs play a supporting role for each other. When a MG fails, the second MG seeks to 
support network load supply. The analysis of the connection of two MGs through a back-to-back voltage source 
converter (BTB) with local control is the main hypothesis and the main purpose of this paper. A BTB converter 
is required to control a dual-feed induction system because in some operating ranges the rotor energy may 
return to the converter. This converter has two parts on the side of the network and the side of the machine. 
Due to requiring energy return to the network, the direct voltage uses the internal current control loop so it 
provides a good permanent and transient response for the converter. The induction machine control is 
performed using the indirect vector control method. The BTB-VSC converter with the mentioned method both 
exchanges the specified power in island mode and helps both MGs to support each other for frequency control. 
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Figure 1. The structure of the MG and their connection through a back-to-back voltage source 
converter 


3. A REVIEW ON THE STRUCTURE OF BTB-VSC AND ITS MATH MODEL 

In the sequel an overview of the BTB-VSC structure and its math model presented. Each BTB-VSC 
converter consists of two VSC and one bus with DC voltage. In order words two VSC are connected through 
a shared DC bus by means of which the work of both VSC are controlled independently. In what follows its 
structure and mathematical model have been examined in details. 


3.1. A review on the structure of BTB-VSC 

The BTB-VSC converter consists of two VSCs connected by a common DC bus voltage that allows 
the VSCs to be controlled separately. Both VSCs can act independently as rectifiers or inverters. The most 
common use of BTB-VSC converter is to balance and balance the active power, in other words, to adjust the 
active power between two sources connected to the grid. For the supplement of a single power factor on each 
side of AC grid a BTBVSC is used or as an inverter is responsible for providing a set AC output. It also provide 
the possibility of the control of the active and reactive powers of interconnected AC-AC systems. Meanwhile 
it allows the control of the active and reactive powers of interconnected AC-AC systems. VSC1 and VSC2 can 
act as rectifiers or inverters depending on the power direction. Active power can flow in both directions (0<|P}). 
In addition, the BTB-VSC converter can operate with lagging power factor (Q>0) or leading power factor (Q<0). 


3.2. The math model of BTB-VSC 

The overall structure of the back-to-back voltage source converter is illustrated in Figure 2, the MG 
phase voltage and VSC converter output voltage, respectively, are shown in Figure 1. The intended BTB-VSC 
converters must be capable of transmitting a specified amount of P and Q power between E1 and E2 jacks. The 
“d-q” conversion is utilized to control the transmitted power. The d-q axis voltages are determined by 
converting the three-phase voltage and current of both sides of the BTB-VSC to a d-q reference that rotates at 
an angular velocity coordinate with E1,2. In the following relation, V 1, 2 indicates the AC voltage on both 
sides of BTB-VSC and Vd represents the voltage across the two sides of the BTB-VSC, corresponding to the 
d-axis and Vq represents the voltage across the two sides of the BTB-VSC, corresponding to the q-axis. I 1, 2 
indicates the AC current on both sides of BTB-VSC and Id represents the current across the two sides of the 
BTB-VSC, corresponding to the d-axis and Iq represents the current across the two sides of the BTB-VSC, 
corresponding to the q-axis. 
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Vaz = Ear + Ri2tay, + Liz Tag = Oly lq 12 (1) 

Vase tag Riga tte tas (2) 
Where in: 

Equ2 = 0 (3) 

Eav2 = E12 (4) 


The q-d currents are expressed as voltage disturbances separately in (5) and (6). To clarify all equations 
subscripts 1 and 2 related to VSC; and VSC,, respectively. il, 2 and v1, 2 are the currents and voltages of the 
AC source and the load;  (w=2 IIP, R1, 2 and L1, 2 are the resistance and the inductance of the line(s) used 
to interconnect the BTB converter to the AC system(s). The equivalent circuit is obtained from Figure 2 by 
placing the number of voltages at the input and output terminals of VSC1 and VSC2 with controlled voltage 
sources and the amount of DC currents with controlled current sources, as shown in Figures 3 and 4. The 
controller model is shown in Figure 3. Includes multiplication of control inputs and mode variables and 
reciprocal pair conditions between DQ components. The d-axis is selected along the AC sources v1 and v2, 
respectively, so V1, 2d is equal to the corresponding AC source amplitude and V1, 2q are zero. 
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Figure 2. The overall structure of the BTB-VSC converter 
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Figure 3. PQ controller structure (K=1 or K=2) 


According to (5) and (6), the changes in the current ig and id contribute to the same-axis voltage 
changes through the first-order differential equations. A suitable integrated controller is provided, which can 
generate references for current and voltage. For example, for VSC2 we have: 
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Viz = (Kpaz + “#).. (ide — iaz) (7) 
Vaz = (Kpaz + ~22)  (iga — iga) (8) 


Kpd2 and Kpq?, Kid2 and Kiq 2 represent the coefficients of the PI controller, corresponding to the d and q 
axes for VSC2. By combining the previous equation, we will have: 


* K ok A . 

Vaz = Eaz + (Kpaz + a) -(ig2 — ta2) — wLziq, (9) 
* K i P P 

Viz = Eqz + (Kpqz +). (jz — ign) — @lcia, (10) 


Vd and Vq is the reference voltage corresponding to the d-axis and the q-axis. 
To manage active and reactive power due to the converter losses, the active and reactive power 
produced by the converter can be generated by (11) and (12). 


3 , , Ser i 
P, = = (Vaziaz + Vazige) = z Vaziaz (11) 


3 P : 3 : 
Q2 = 3 (Varta = Vaziaz) = z Vaziq2 (12) 


Figure 3 shows the power control block diagrams as well as the internal and external control loops. 
The external control loop represents the current reference and the internal control loop represents the voltage 
reference based on the d-q axis. Figure 4 shows the control diagram of the BTB-VSC converter, which has a 
transmission power based on two MG frequencies. Here the task of controlling the amount of DC-link voltage 
is assigned to VSC1 and VSC2 is used to control the active power. Reactive power adjustment is achieved 
using the corresponding VSC on the output side. The variables and parameters to be controlled here are: vdc 
and Q1 to VSC1, while P2 and Q2 are controlled by VSC2. 
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Figure 4. Back-to-back converter control design 


3.3. Proposed algorithm for BTB-VSC converter control 

The flowchart of the proposed strategy is shown in Figure 5. When the network switches to island 
mode, the reference frequency of each MG is determined by the interface control scheme converted to its 
storage devices, according to the battery injection capacity per MG. Local control of the microgrids and the 
control system of the BTB-VSC converter are managed hierarchically. If the MGs can stabilize their frequency 
with their sources, the transmission of power from the adjacent MG via the BTB-VSC converter is not 
necessary. A BTB-VSC converter will be required whenever power outages or oversupply cannot be managed 
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by local controllers. Therefore, the BTB-VSC control system intervenes and manages the frequency deviation 

when the frequency value is out of the set points. Power exchange between MGs can be done in one of the 

following conditions: 

— If the first MG has a surplus output which can be realized by 50.002<fl and at the same time the second 
MG has a shortage of output, ie f2<49.998 in this case the first MG will export power to the second MG It 
does. The amount of power transmitted in such a state is such that the frequency of each of the MGs reaches 
the specified value. 

— Ifthe second MG has a surplus supply, ie 50. 002<f2 and the first MG has a supply shortage, ie f1<49.998 
in this case the second MG transmits power to the first MG. The transfer of power continues until the 
frequency of each network returns to a steady state and the specified value. 

— Ifnone of the above conditions are met, each control system independently controls its sources to keep the 
frequency within the normal range. 


The inverter of the storage device ofeach 
micrognid acts as a slack bus to generate 
voltage & frequency reference values 
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Figure 5. Frequency control algorithm micro flow chart 


4. SIMULATION 

In the simulation section, the effects of BTB-VSC converter on frequency control are measured in 
order to measure, validate and evaluate the performance of the proposed model. In the next step, we examine 
the case where the converter is not in the system and then the two cases are compared. The simulations are 
performed taking into account the following hypotheses and conditions: i) MGs are fully converter based and 
transmit all DG resources through MG interfaces; and ii) each MG is able to control locally independently 
without connecting to the main network in island mode. 

Renewable output power is intended to demonstrate the performance of the BTB-VSC static control 
system. As previously explained, each MG has its own independent control and management system to 
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maintain the frequency in transient mode, first by interfering with the storage control system by 
absorbing/injecting force, and secondly by pressing resource-based convert to one. Create a new working point 
by changing the microgrid reference frequency by the storage device, so neutralize the charge or discharge of 
the storage device and prepare for the next malfunction of the control [2]. Needless to say, after disconnecting 
the MGs from the CPU, the local DG controllers do not have enough capacity to maintain the frequency, so a 
control system is required for each MG storage device for fast response and frequency recovery. However, as 
low-capacity storage devices, the adjacent microgrid can be useful in this regard and help restore the frequency 
early on when disruption is initiated by power transmission management via BTB-VSC converters. The 
dynamic response is investigated and the switching sequence is ignored. Before the island mode occurs, the 
load of the first MG is set to 5% of its nominal value, so in this mode, the MG injects power into the main 
network. This means that the first MG overproduces before it goes to island mode. Each microgrid operates at 
its fixed point before the island state. Before the island state, the second MG is set at 5% of its nominal value, 
so the second MG has a power shortage that is compensated by the main grid. 

Scenario 1: MGs are controlled independently. In this case, the two MGs are controlled completely 
separately and independently. In addition, each MG uses its own resources to provide its primary and secondary 
controls well. In this scenario, the local control of each MG is considered and carefully examined. Generally, 
a MG will be connected to the original grid for most of the time, i.e., performed in the grid-connected mode. 
In the stand-alone mode, a MG is isolated from the original grid; the highest priority for MGs is to keep a 
reliable power supply to customers instead of economic benefits. In this stage of the control method, the control 
of internal and external control loops is used. From the DQ model, it can be seen that when the simultaneous 
rotation frame DQ is adopted, the flow components are paired with each other. Therefore, to control the active 
and reactive power independently, il, 2d and il, 2q must be separated. 

Scenario 2: Two MGs connected by BTB-VSC converter. In scenario 2, the BTB-VSC system 
establishes a local connection for two microgrids. According to the conditions considered for this scenario, at 
the moment of the island, the BTB-VSC system must transfer the excess generated power to a network that has 
a power shortage and if there is a power shortage, it will receive it from another network. 

Then the simulation results were evaluated with the presence of BTB-VSC converter and then 
compared to simulation results in the case where there is no converter. Figure 6 shows that when the island 
state occurs, there is a frequency disturbance. The first microgrid storage device absorbs excessive power and 
generates the reference frequency of the microgrid at a value higher than the nominal value. 
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Figure 6. Frequency control algorithm of two interconnected MGs using BTB-VSC converter: 
(a) first MG frequency and (b) second MG frequency 


At the same time in the second MG, the shortage is compensated by the batteries used as storage 
device. The MG reference frequency is set to less than 1 Hz. To compensate for the nominal value of the 
microgrid frequency, according to the proposed algorithm for each separate microgrid, the controlled sources 
contribute to the frequency control for the output frequency caused by the battery system converter. This 
process takes several seconds for the controlled sources to change their output power. The reason for this is the 
slow response of controllable resources. 

Scenario 3: Nonlinear stability analysis of MGs connected by BTB-VSC converter. Single-phase 
ground-to-ground faults are considered to evaluate the performance of two MGs connected by a BTB-VSC 
converter. Two single-phase faults to ground occur at t=45 and t=65 at two critical points; i) at the bus BTB- 
VSC converter load point on the second MG and ii) at the interface of the VSC battery converter on the second 
microgrid. 
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According to the Figure 7, the injected active power is controlled by the sources. In the case where 
the two networks are connected by a BTB-VSC converter, in the island mode whenever the MG is overloaded 
and the second MG is detected, the MG frequency is managed, then, under these conditions, the BTB-VSC 1 
control mode of the second power fraction compensates for MG. With too much power the first MGs. As a 
result, the second MG frequency control is performed satisfactorily and the power loss of the first microgrid is 
intelligently compensated by the power generating sources. 
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Figure 7. Active power injected by controllable sources: (a) the first MGs and (b) the second MGs 


Figure 8 shows the frequency of MG when single-phase fault occurs in two states without fault and 
with fault. Frequency change values are shown at T=45 and T=65 seconds. As an error on the second microgrid 
side, power is extracted from the battery used as the storage source, so the frequency is reduced, but its effect 
on the output of the converter and the BTB-VSC converter is negligible. This result is due to the interface with 
PRF control systems, which limits the active and reactive power and thus implicitly and significantly reduces 
the error effect. At t=65 s, another SLG error occurs at another critical point, so the performance of the BTB- 
VSC converter is satisfactory and the power generated and transmitted by the BTB-VSC converter is not 
affected. The following figure shows the output capacities of MG types with similar errors in the second MG. 

Figure 9 shows the output capacities of different MGs during the same errors in the second MG, as 
clearly shown in the figure, that the outputs of the first MG (intact) do not have a definite effect of error in the 
second MG; Defective MG output capacities are now reduced due to battery intervention to improve the 
system. For BTB converters, all equilibrium points in the system constitute an area called the operating region. 
Operating region specifies the reactive and active power for BTB converters in both supply and absorbs modes. 
With the gradual increase in rankings and the decrease in semiconductor technology losses in recent years, the 
idea of making full use of the potential of the BTB-VSC converter for active and reactive power management 
is possible with the appropriate control law. BTB converter uses multi-level topologies to increase operating 
voltage levels. The operating region creates valid combinations for both P and Q for the performance of the 
BTB converter, so the choice of P and Q must be based on principles and rules because both must be within 
the operating range defined by the operating parameters. In this research, a nonlinear control algorithm in the 
operational area is proposed to control BTB-VSC converters. Proper implementation of control strategy in case 
of errors and dynamic behaviors is the main motivation of this design. For this purpose, at least one of the 
VSCs is used to control the DC voltage lines and the other to control the active power. As a result, the active 
power is automatically balanced between the VSCs. 
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Figure 8. MG frequency when single-phase fault occurs on the ground in the first MG: (a) frequency of the 
first (healthy) MG without any trace of error and (b) second MG frequency (error) 
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Figure 9. Microgrid output power when a single-phase fault occurs on the ground in the first microgrid: 
(a) the first (healthy) microgrid output power does not show any clear effect of error occurring on the other 
microgrid and (b) second (malfunctioning) MG output with battery intervention to improve the system 


4. CONCLUSION 


In order to compare the scenarios with each other, as the results have shown, for the one and two 
scenarios, when the MGs operate independently and when connected by a BTB converter, the MGs they are 
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separated from the main network and are in a new frequency mode. As shown in the results, it shows injectable 
active power by controlled sources. In cases where the two networks are connected by BTB-VSC converter, in 
island mode whenever the MG overloads and the second MG is detected, the MG frequency is then managed, 
then, under these conditions, The BTB-VSC 1 control mode compensates for the second MG power deficit by 
over-powering the first micro channel. As a result, both the second MG frequency is controlled and has a 
satisfactory performance, and the power loss of the first microgrid is compensated by its controllable sources 
and the network maintains its stability. But in the third scenario, the stability conditions of the system under 
single-phase error in two points of the system are investigated. The results showed that the stability of the MGs 
was at fault. 
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